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(57) ABSTRACT

Many of the physical properties of a silicon semiconductor
have already been understood, whereas many of the physical
properties of an oxide semiconductor have been still unclear.
In particular, an adverse effect of an impurity on an oxide
semiconductor has been still unclear. In view of the above, a
structure is disclosed in which an impurity that influences
electrical characteristics of a semiconductor device including
an oxide semiconductor layer is prevented or is eliminated. A
semiconductor device which includes a gate electrode, an
oxide semiconductor layer, and a gate insulating layer pro-
vided between the gate electrode and the oxide semiconduc-
tor layer and in which the nitrogen concentration in the oxide
semiconductor layer is 1x10° atoms/cm? or less is provided.
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1
SEMICONDUCTOR DEVICE AND METHOD
FOR MANUFACTURING THE SAME

TECHNICAL FIELD

The present invention relates to an oxide semiconductor.
BACKGROUND ART

A semiconductor device including an oxide semiconductor
is disclosed in Patent Document 1.

REFERENCE
Patent Document

[Patent Document 1] Japanese Published Patent Applica-
tion No. 2007-123861

DISCLOSURE OF INVENTION

Many of the physical properties of a silicon semiconductor
have already been understood, whereas many of the physical
properties of an oxide semiconductor have been still unclear.

In particular, an adverse effect of an impurity on an oxide
semiconductor has been still unclear.

In view of the above, a structure will be disclosed in which
an impurity that influences electrical characteristics of a
semiconductor device including an oxide semiconductor
layer is prevented or is eliminated.

There are two factors of carriers in an oxide semiconductor
layer.

The first factor is oxygen deficiency in an oxide semicon-
ductor layer.

The second factor is a donor element or an acceptor ele-
ment in an oxide semiconductor layer.

Here, a hydrogen element serves as a carrier (a donor) in an
oxide semiconductor layer.

Further, since a hydrogen element has a reducing character,
it also serves as an element causing oxygen deficiency.

Therefore, it is said that a substance containing a hydrogen
element is an element which prevents an oxide semiconductor
layer from being highly purified so that the oxide semicon-
ductor layer is not close to an i-type oxide semiconductor
layer because a hydrogen element has two factors of inducing
carriers.

Note that as a substance containing a hydrogen element, for
example, hydrogen, moisture, hydroxide, hydride, and the
like can be given.

As a result of research, the present inventors found that,
surprisingly, hydrogen is more likely to enter an oxide semi-
conductor layer when a large amount of nitrogen is contained
in the oxide semiconductor layer.

Conversely, hydrogen is less likely to enter an oxide semi-
conductor layer in which the nitrogen concentration is
reduced.

Specifically, the nitrogen concentration in an oxide semi-
conductor layer measured by secondary ion mass spectrom-
etry (SIMS) is set to 1x10%° atoms/cm?> or less (or less than
1x10%° atoms/cm?), whereby an oxide semiconductor layer
which is difficult for hydrogen to enter can be formed.

That is, a semiconductor device which includes a gate
electrode, an oxide semiconductor layer, and a gate insulating
layer provided between the gate electrode and the oxide semi-
conductor layer and in which the nitrogen concentration in
the oxide semiconductor layer is 1x10%° atoms/cm> or less
can be provided.
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A semiconductor device which includes a gate electrode, a
gate insulating layer provided over the gate electrode, an
oxide semiconductor layer provided over the gate insulating
layer, and a pair of contact electrodes provided over the oxide
semiconductor layer and in which the nitrogen concentration
in the oxide semiconductor layer is 1x10%° atoms/cm? or less
can be provided.

A semiconductor device which includes a gate electrode, a
gate insulating layer provided over the gate electrode, a pair
of contact electrodes provided over the gate insulating layer,
and an oxide semiconductor layer provided over the gate
insulating layer and the pair of contact electrodes and in
which the nitrogen concentration in the oxide semiconductor
layer is 1x10?° atoms/cm? or less can be provided.

A semiconductor device which includes a gate electrode, a
gate insulating layer provided over the gate electrode, an
oxide semiconductor layer provided over the gate insulating
layer, a channel protective layer provided over the oxide
semiconductor layer, and a pair of contact electrodes pro-
vided over the oxide semiconductor layer and the channel
protective layer and in which the nitrogen concentration in the
oxide semiconductor layer is 1x10?° atoms/cm? or less can be
provided.

In addition, the semiconductor device in which the hydro-
gen concentration in the oxide semiconductor layer is 6x10"®
atoms/cm® or less can be provided.

A method for manufacturing a semiconductor device
including a gate electrode, an oxide semiconductor layer, and
a gate insulating layer provided between the gate electrode
and the oxide semiconductor layer, which includes the step of
performing heat treatment on the oxide semiconductor layer
having a nitrogen concentration of 1x10?° atoms/cm® or less
at 350° C. or higher for 1 hour or longer, can be provided.

A method for manufacturing a semiconductor device
including a gate electrode, an oxide semiconductor layer, and
a gate insulating layer provided between the gate electrode
and the oxide semiconductor layer, which includes the step of
performing heat treatment on the oxide semiconductor layer
having a nitrogen concentration of 1x10?° atoms/cm® or less
at 450° C. or higher for 1 hour or longer, can be provided.

A method for manufacturing a semiconductor device
including a gate electrode, an oxide semiconductor layer, and
a gate insulating layer provided between the gate electrode
and the oxide semiconductor layer, which includes the step of
performing heat treatment on the oxide semiconductor layer
having a nitrogen concentration of 1x10?° atoms/cm® or less
at 550° C. or higher for 1 hour or longer, can be provided.

A method for manufacturing a semiconductor device
including a gate electrode, an oxide semiconductor layer, and
a gate insulating layer provided between the gate electrode
and the oxide semiconductor layer, which includes the step of
performing heat treatment on the oxide semiconductor layer
having a nitrogen concentration of 1x10?° atoms/cm® or less
at 650° C. or higher for 3 minutes or longer, can be provided.

The nitrogen concentration in an oxide semiconductor
layer is reduced, whereby an oxide semiconductor layer
which is difficult for hydrogen to enter can be formed.

In other words, the nitrogen concentration in an oxide
semiconductor layer is reduced, whereby hydrogen can be
prevented from entering the oxide semiconductor layer.

BRIEF DESCRIPTION OF DRAWINGS

FIGS. 1A to 1C show an example of a method for manu-
facturing a semiconductor device.

FIGS. 2A and 2B show an example of a method for manu-
facturing a semiconductor device.
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FIGS. 3A and 3B show an example of a method for manu-
facturing a semiconductor device.

FIGS. 4A to 4C each show an example of a semiconductor
device.

FIGS. 5A to 5C show an example of a method for manu-
facturing a semiconductor device.

FIGS. 6A and 6B show an example of a method for manu-
facturing a semiconductor device.

FIGS. 7A to 7C show an example of a method for manu-
facturing a semiconductor device.

FIGS. 8A and 8B show an example of a method for manu-
facturing a semiconductor device.

FIG. 9 shows an example of a sputtering apparatus.

FIGS. 10A and 10B each show SIMS data.

FIGS. 11A and 11B each show SIMS data.

FIGS. 12A and 12B each show SIMS data.

FIGS. 13A and 13B each show SIMS data.

FIGS. 14A and 14B each show TDS data.

FIGS. 15A and 15B each show an example of a semicon-
ductor device.

FIG. 16 shows a TEM photograph.

BEST MODE FOR CARRYING OUT THE
INVENTION

Embodiments and examples will be described in detail
with reference to the accompanying drawings.

It is easily understood by those skilled in the art that modes
and details of the present invention can be modified in various
ways without departing from the spirit of the present inven-
tion.

Therefore, the present invention should not be interpreted
as being limited to the description of the embodiments and
examples below.

Note that in the structures described below, the same por-
tions or portions having similar functions are denoted by the
same reference numerals in different drawings, and explana-
tion thereof will not be repeated.

The following embodiments and examples can be com-
bined with each other, as appropriate.

Embodiment 1

An example of a method for manufacturing a semiconduc-
tor device will be described.

First, a gate electrode 200 is formed over a substrate 100
having an insulating surface. Then, a gate insulating layer 300
is formed over the gate electrode 200, and an oxide semicon-
ductor layer 400 is formed over the gate insulating layer 300
(FIG. 1A).

As the substrate, any material can be used. For example, a
glass substrate, a quartz substrate, a metal substrate, a plastic
substrate, or a semiconductor substrate can be used, but the
substrate is not limited to these examples.

In the case where an insulating substrate is used as the
substrate, the substrate has an insulating surface.

On the other hand, in the case where a metal substrate, a
semiconductor substrate, or the like is used as the substrate,
the substrate can have an insulating surface when a base
insulating layer is formed over the substrate.

Note that a base insulating layer may be formed over the
substrate also in the case where an insulating substrate is used
as the substrate.

As the gate electrode, any material having conductivity can
be used. For example, aluminum, titanium, molybdenum,
tungsten, gold, silver, copper, silicon, a variety of alloys, or an
oxide conductive layer (typically, indium tin oxide and the
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like) can be used, but the gate electrode is not limited to these
examples. The gate electrode may have a single-layer struc-
ture or a stacked-layer structure.

As the gate insulating layer, any material having an insu-
lating property can be used. For example, a silicon oxide film,
a silicon nitride film, a silicon oxide film containing nitrogen,
a silicon nitride film containing oxygen, an aluminum nitride
film, an aluminum oxide film, a hafnium oxide film, or the like
can be used, but the gate insulating layer is not limited to these
examples. The gate insulating layer may have a single-layer
structure or a stacked-layer structure.

Note that the amount of hydrogen and nitrogen in the gate
insulating layer is preferably small so that injection of carriers
into the oxide semiconductor layer can be prevented.

The gate insulating layer in which the amount of hydrogen
is small is preferably formed using a deposition gas which
does not contain hydrogen (H) or hydride (e.g., SiH,).

The gate insulating layer in which the amount of nitrogen
is small is preferably formed using a deposition gas which
does not contain nitrogen (N) or nitride (e.g., N,O or NH,).

Therefore, when attention is focused on the point that the
amount of hydrogen is small, a gate insulating film formed by
a sputtering method is preferably used because hydride (e.g.,
SiH,) is used in a plasma CVD method.

Further, when attention is focused on the point that the
amount of nitrogen is small, an oxide film which does not
contain nitrogen is preferably used.

Note that a gate insulating layer formed by a plasma CVD
method has fewer defects and has higher film quality than a
gate insulating layer formed by a sputtering method.

Therefore, in some cases, transistor characteristics become
favorable when a gate insulating layer formed by a plasma
CVD method is used.

Thus, a plasma CVD method, a sputtering method, or
another method may be used as appropriate as needed.

Note that in the case where a gate insulating layer formed
by a plasma CVD method is used, a substance containing a
hydrogen element is eliminated from the gate insulating layer
when heat treatment is performed; therefore, in the case
where a plasma CVD method is used, heat treatment (at
higher than or equal to 200° C. and lower than or equal to
1000° C. (preferably, higher than or equal to 300° C. and
lower than or equal to 800° C.)) is preferably performed after
the gate insulating layer is formed.

Note that as a substance containing a hydrogen element, for
example, hydrogen, moisture, hydroxide, hydride, and the
like can be given.

Examples of the oxide semiconductor layer include, but
not limited to, In—Ga—Zn—O-based oxide (containing
indium, gallium, zinc, and oxygen as the main components),
In—Sn—7n—0-based oxide (containing indium, tin, zinc,
and oxygen as the main components), In—Al—7n—O-
based oxide (containing indium, aluminum, zinc, and oxygen
as the main components), Sn—Ga—7n—O-based oxide
(containing tin, gallium, zinc, and oxygen as the main com-
ponents), Al—Ga—Z7n—O-based oxide (containing alumi-
num, gallium, zinc, and oxygen as the main components),
Sn—Al—7Zn—O0-based oxide (containing tin, aluminum,
zinc, and oxygen as the main components), In—Zn—O-
based oxide (containing indium, zinc, and oxygen as the main
components), Sn—7n—~O-based oxide (containing tin, zinc,
and oxygen as the main components), Al—7n—O-based
oxide (containing aluminum, zinc, and oxygen as the main
components), In—O-based oxide (oxide of indium (indium
oxide)), Sn—O-based oxide (oxide of tin (tin oxide)),
Zn—0O-based oxide (oxide of zinc (zinc oxide)), and the like.
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The oxide semiconductor layer can be formed by a sput-
tering method, an evaporation method, or the like, for
example.

The thickness of the oxide semiconductor layer is prefer-
ably 5 nm to 1 um (more preferably, 20 nm to 80 nm).

In the case where the oxide semiconductor layer is formed,
careful attention needs to be paid so that nitrogen is not
contained in the oxide semiconductor layer.

Specifically, the oxide semiconductor layer is preferably
formed so that the nitrogen concentration in the oxide semi-
conductor layer measured by secondary ion mass spectrom-
etry (SIMS) is 1x10° atoms/cm? or less (or less than 1x10%°
atoms/cm?), 5x10*° atoms/cm® or less (or less than 5x10"°
atoms/cm?), 1x10'° atoms/cm? or less (or less than 1x10*°
atoms/cm?), 5x10® atoms/cm> or less (or less than 5x10'®
atoms/cm?), or 1x10'® atoms/cm? or less (or less than 1x10*®
atoms/cm®).

Note that nitrogen is less likely to enter the oxide semicon-
ductor layer even in the case where the oxide semiconductor
layer is subjected to heat treatment.

Therefore, the nitrogen concentration in the oxide semi-
conductor layer after the semiconductor device is completed,
which is measured by secondary ion mass spectrometry
(SIMS), is also preferably 1x102° atoms/cm® or less (or less
than 1x10%° atoms/cm?), 5x10*° atoms/cm® or less (or less
than 5x10° atoms/cm?), 1x10'® atoms/cm? or less (or less
than 1x10'° atoms/cm®), 5x10*® atoms/cm® or less (or less
than 5x10*® atoms/cm?), or 1x10*® atoms/cm> or less (or less
than 1x10'® atoms/cm®).

Note that as the value of the nitrogen concentration, the
average value in the effective range of secondary ion mass
spectrometry (SIMS) can be adopted.

Alternatively, as the value of the nitrogen concentration,
the maximum value in the effective range of secondary ion
mass spectrometry (SIMS) may be adopted (when the maxi-
mum value in the effective range is smaller than a predeter-
mined value, the average value in the effective range is also
smaller than the predetermined value).

Here, an example of a sputtering apparatus is shown in
FIG. 9.

The sputtering apparatus in FIG. 9 includes a deposition
chamber 2001, a cover 2002, a target 2003, and a pump 2004.

Note that a structure is employed in which a substrate is put
to be provided for the cover 2002 and the target 2003 is
sputtered for deposition.

The deposition chamber 2001 and the cover 2002 are con-
nected to each other, and an O-ring 2005 is provided for a
connecting portion.

The deposition chamber 2001 and the target 2003 are con-
nected to each other, and an O-ring 2006 is provided for a
connecting portion.

The deposition chamber 2001 and the pump 2004 are con-
nected to each other, and a metal gasket 2007 and a metal
gasket 2008 are provided for connecting portions.

Both the O-rings and the metal gaskets are used to prevent
leakage from the connecting portion. In other words, by the
O-rings and the metal gaskets, air (in particular, nitrogen) is
prevented from entering the deposition chamber 2001.

The O-ring is a ring-like packing. A material thereof is, for
example, rubber.

The metal gasket is a ring-like fixing sealant. A material
thereof is, for example, metal.

The cover 2002 and the target 2003 are frequently opened
and closed; therefore, the O-ring is used because it can be
easily put on and taken off.

On the other hand, the pump is hardly opened and closed.
Although the metal gasket is not easily put on and taken off,
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the metal gasket is provided for the pump because it can
improve airtightness compared with the O-ring.

In the case where the O-ring or the metal gasket has a chip,
a crack, or the like, leakage occurs, so that air outside the
deposition chamber 2001 enters the deposition chamber
2001.

Since air contains a large amount of nitrogen, careful atten-
tion needs to be paid so that the O-ring or the metal gasket
does not have a chip, a crack, or the like in order to prevent air
(in particular, nitrogen) due to the chip, the crack, or the like
of'the O-ring or the metal gasket from entering the deposition
chamber 2001.

Although the maintenance needs to be further done, it is
effective to replace all the O-rings with metal gaskets which
can improve airtightness because air (in particular, nitrogen)
can be prevented from entering the deposition chamber 2001.

On the other hand, in the case where nitrogen is attached to
or enters the inner wall of the deposition chamber 2001 or a
surface of the target 2003 or in the case where nitrogen floats
in the deposition chamber 2001 even when air (in particular,
nitrogen) is prevented from entering the deposition chamber
2001, nitrogen might enter an oxide semiconductor layer.

Thus, in order to remove nitrogen which is attached to or
enters the inner wall of the deposition chamber, the deposition
chamber is heated at higher than or equal to 200° C. and lower
than or equal to 500° C.

The deposition chamber is heated, whereby nitrogen which
is attached to or enters the inner wall of the deposition cham-
ber is released into the deposition chamber.

Then, nitrogen which is released through heating of the
deposition chamber is evacuated with the use of the pump
2004, whereby nitrogen which is attached to or enters the
inner wall of the deposition chamber can be removed.

Further, after the heat treatment and the evacuation treat-
ment are performed on the deposition chamber and before the
oxide semiconductor layer used for a semiconductor device is
formed, a step of forming an oxide semiconductor layer over
a dummy substrate is preferably performed.

When the step of forming the oxide semiconductor layer
over the dummy substrate is performed, nitrogen which is
attached to or enters the surface of the target can be removed.

Further, since nitrogen which remains in the deposition
chamber due to the step of forming the oxide semiconductor
layer over the dummy substrate is taken into the oxide semi-
conductor layer over the dummy substrate, nitrogen which
remains in the deposition chamber can be removed before the
oxide semiconductor layer used for the semiconductor device
is formed.

After that, the dummy substrate is taken out of the deposi-
tion chamber, and the oxide semiconductor layer used for the
semiconductor device is formed.

Note that it is effective to perform deposition onto the
dummy substrate a plurality of times.

As described above, the reduction of leakage from the
deposition chamber, the reduction of nitrogen on the inner
wall of the deposition chamber, deposition onto the dummy
substrate, or the like is sufficiently performed, so that incor-
poration of nitrogen into the oxide semiconductor layer can
be thoroughly prevented.

Next, the oxide semiconductor layer 400 is etched into an
island shape by a photolithography method, whereby an
oxide semiconductor layer 410 is formed (FIG. 1B).

Next, the oxide semiconductor layer is subjected to first
heat treatment (at higher than or equal to X° C. and lower than
Ye C).

A nitrogen atmosphere, a rare gas atmosphere, an oxygen
atmosphere, an atmosphere containing oxygen and nitrogen,



US 9,196,738 B2

7

an atmosphere containing oxygen and a rare gas, an atmo-
sphere containing nitrogen and a rare gas, an atmosphere
containing oxygen, nitrogen, and a rare gas, or the like can be
selected as appropriate for the atmosphere in which the first
heat treatment is performed.

The first heat treatment may be performed before the oxide
semiconductor layer 400 is etched into an island shape to
form the oxide semiconductor layer 410.

On the other hand, through the step of etching the oxide
semiconductor layer 400 into an island shape to form the
oxide semiconductor layer 410 by a photolithography
method, the oxide semiconductor layer is immersed in mois-
ture of a photoresist and a stripping solution.

Therefore, in order to remove moisture due to the photo-
resist and the stripping solution, it is more preferable that the
first heat treatment be performed after the oxide semiconduc-
tor layer 400 is etched into an island shape to form the oxide
semiconductor layer 410.

The lower limit (X° C.) of the temperature of the first heat
treatment can be set to 350° C. or higher (or higher than 350°
C.), 400° C. or higher (or higher than 400° C.), 450° C. or
higher (or higher than 450° C.), 500° C. or higher (or higher
than 500° C.), 550° C. or higher (or higher than 550° C.), 600°
C. or higher (or higher than 600° C.), 650° C. or higher (or
higher than 650° C.), 700° C. or higher (or higher than 700°
C.), or 750° C. or higher (or higher than 750° C.).

The first heat treatment is preferably performed by a heat-
ing method with the use of a furnace, an oven, gas RTA, or the
like.

Gas RTA refers to a method in which an object is put in a
gas heated at high temperature for a short time (several min-
utes to several tens of minutes) to be rapidly heated.

There is no particular limitation on the upper limit of the
temperature of the first heat treatment because the tempera-
ture of the first heat treatment is preferably high.

However, the upper limit (Y° C.) of the temperature of the
first heat treatment is preferably lower than the allowable
temperature limit of the substrate.

Further, the upper limit (Y° C.) of the temperature of the
first heat treatment can be set to 1000° C. or lower (or lower
than 1000° C.), 900° C. or lower (or lower than 900° C.), 800°
C. or lower (or lower than 800° C.), or 700° C. or lower (or
lower than 700° C.).

The heating time of the first heat treatment is preferably 1
hour or longer. The upper limit of the heating time is not
particularly limited, but can be set to 10 hours or shorter, 9
hours or shorter, or 8 hours or shorter in consideration of
reduction in process time.

In the case where the first heat treatment is performed with
the use of gas RTA, the heating time of the first heat treatment
is preferably 3 minutes or longer. The upper limit of the
heating time is not particularly limited, but canbe set to 1 hour
or shorter, 50 minutes or shorter, or 40 minutes or shorter.

When the measurement is performed by thermal desorp-
tion spectroscopy (TDS), a sample on which baking has been
performed at 450° C. for 1 hour does not have a peak of
moisture at around 300° C. A sample on which baking has
been performed at 650° C. for 3 minutes with the use of gas
RTA also does not have a peak of moisture at around 300° C.
On the other hand, a sample on which baking has been per-
formed at 350° C. for 1 hour has a peak of moisture at around
300° C.

When the measurement is performed by secondary ion
mass spectrometry (SIMS), the hydrogen concentration in a
sample on which baking has been performed at 550° C. for 1
hour is lower than that in a sample on which baking has been
performed at 450° C. for 1 hour by almost 1 digit.
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In other words, the oxide semiconductor layer in which the
nitrogen concentration is reduced is subjected to the first heat
treatment under a predetermined condition, whereby sub-
stances containing a hydrogen element which adversely
affect electrical characteristics of a transistor can be drasti-
cally reduced.

Note that the higher the energy which is applied to the
oxide semiconductor is, the more substances containing a
hydrogen element are likely to be eliminated; therefore, the
heating temperature is preferably high and the heating time is
preferably long.

The hydrogen concentration in the oxide semiconductor
layer after the first heat treatment is preferably 6x10'® atoms/
cm?® or less (or less than 6x10'® atoms/cm?), 5x10*® atoms/
cm’® or less (or less than 5x10'® atoms/cm®), 4x10"® atoms/
cm?® or less (or less than 4x10'® atoms/cm®), 3x10'® atoms/
cm?® or less (or less than 3x10'® atoms/cm?), 1x10*° atoms/
cm’® or less (or less than 1x10'¢ atoms/cm®), 1x10"* atoms/
cm?® or less (or less than 1x10"* atoms/cm>), or 1x10"? atoms/
cm?® or less (or less than 1x10'? atoms/cm?>).

The oxide semiconductor layer in which the nitrogen con-
centration is reduced can prevent incorporation of hydrogen
in steps after the first heat treatment.

Thus, the hydrogen concentration in the oxide semicon-
ductor layer after the semiconductor device is completed is
also preferably 6x10'® atoms/cm?> or less (or less than 6x10'®
atoms/cm®), 5x10*® atoms/cm® or less (or less than 5x10"®
atoms/cm?), 4x10'® atoms/cm® or less (or less than 4x10'®
atoms/cm?), 3x10'® atoms/cm? or less (or less than 3x10'®
atoms/cm®), 1x10*¢ atoms/cm® or less (or less than 1x10"°
atoms/cm?), 1x10'* atoms/cm? or less (or less than 1x10'*
atoms/cm®), or 1x10'2 atoms/cm> or less (or less than 1x10"2
atoms/cm®).

Note that as the value of the hydrogen concentration, the
average value in the effective range of secondary ion mass
spectrometry (SIMS) can be adopted.

Alternatively, as the value of the hydrogen concentration,
the maximum value in the effective range of secondary ion
mass spectrometry (SIMS) may be adopted (when the maxi-
mum value in the effective range is smaller than a predeter-
mined value, the average value in the effective range is also
smaller than the predetermined value).

Note that the smaller the quantity of substances containing
a hydrogen element in the oxide semiconductor layer is, the
more electrical characteristics of the transistor including the
oxide semiconductor layer are improved.

Next, a conductive layer 500 is formed over the oxide
semiconductor layer 410 (FIG. 1C).

As the conductive layer, any material having conductivity
can be used. For example, aluminum, titanium, molybdenum,
tungsten, yttrium, indium, gold, silver, copper, silicon, a vari-
ety of alloys containing any of these metals, an oxide conduc-
tive layer (typically, indium tin oxide), or the like can be used,
but the conductive layer is not limited to these examples. The
conductive layer may have a single-layer structure or a
stacked-layer structure.

Note that the conductive layer in contact with the oxide
semiconductor layer is formed using titanium, indium,
yttrium, an indium-zinc alloy, an alloy containing gallium
(e.g., gallium nitride), or the like, whereby the contact resis-
tance between the oxide semiconductor layer and an elec-
trode (a wiring) which is formed by etching of the conductive
layer can be reduced.

The reason why the contact resistance can be reduced is
that the electron affinity of titanium, indium, yttrium, an

3
3
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indium-zinc alloy, an alloy containing gallium (e.g., gallium
nitride), or the like is lower than that of the oxide semicon-
ductor layer.

That is, in the case of a single layer, a metal (or an alloy, a
compound) having lower electron affinity than the oxide
semiconductor layer is preferable.

On the other hand, in the case of a stacked layer, a metal (or
an alloy, a compound) having lower electron affinity than the
oxide semiconductor layer is preferably disposed to be in
contact with the oxide semiconductor layer.

Since titanium (T1), indium (In), yttrium (Y), an indium-
zinc alloy (an In—Zn alloy), an alloy containing gallium (Ga)
(e.g., gallium nitride), or the like has high resistivity, a mate-
rial having low resistivity such as aluminum (Al), gold (Au),
silver (Ag), copper (Cu), or a variety of alloys containing any
of'these metals is preferably stacked over the conductive layer
which is disposed to be in contact with the oxide semicon-
ductor layer.

Specifically, the following examples can be given, but not
limited to, a structure in which Ti and Al are sequentially
stacked, a structure in which Ti and an alloy containing Al are
sequentially stacked, a structure in which Y and Al are
sequentially stacked, a structure in which Y and an alloy
containing Al are sequentially stacked, a structure in which
Ti, Al, and Ti are sequentially stacked, a structure in which Ti,
an alloy containing Al, and Ti are sequentially stacked, a
structure in which In, Al, and Mo are sequentially stacked, a
structure in which Y, Al, and Ti are sequentially stacked, a
structure in which Mo, Al, and Ti are sequentially stacked,
and a structure in which Ti, an alloy containing Al, Mo, and Ti
are sequentially stacked.

Note that the alloy having low resistivity refers to an alloy
containing aluminum, gold, silver, copper, or the like and
another substance (e.g., Al—Si, Al—Ti, Al—Nd, Cu—Pb—
Fe, or Cu—Ni).

Note that the oxide conductive layer can be formed using a
material similar to the material of the oxide semiconductor
layer.

There is no particular limitation on the oxide conductive
layer as long as the resistivity of the oxide conductive layer is
lower than that of the oxide semiconductor layer serving as a
channel formation region.

Here, the oxide conductive layer is oxide which is inten-
tionally made to contain a large quantity of substances con-
taining a hydrogen element or a large quantity of oxygen
deficiency. Substances containing a hydrogen element and
oxygen deficiency induce carriers, so that the conductivity of
the oxide can be raised.

The oxide semiconductor layer is oxide which is intention-
ally made not to contain substances containing a hydrogen
element or oxygen deficiency.

That is, the quantity of substances containing a hydrogen
element or oxygen deficiency in the oxide semiconductor
layer is controlled, whereby the resistivity can be controlled.

Note that in the case where the oxide conductive layer and
the oxide semiconductor layer serving as a channel formation
region are formed using different materials and the oxide
conductive layer has lower resistivity than the oxide semicon-
ductor layer serving as a channel formation region, the resis-
tivity does not need to be controlled by control of the quantity
of substances containing a hydrogen element or oxygen defi-
ciency in the oxide semiconductor layer.

Next, the conductive layer 500 is etched to form a plurality
of electrodes or a plurality of wirings (a source electrode (a
contact electrode), a drain electrode (a contact electrode), a
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wiring, and the like) (FIG. 2A). Note that in FIG. 2A, a
contact electrode 510, a contact electrode 520, and the like are
shown.

By the step of FIG. 2A, a transistor (a channel-etched
transistor) is completed.

Note that a portion surrounded by a dashed line 8000 in
FIGS. 2A and 2B is slightly etched at the time of etching the
conductive layer 500.

The portion surrounded by the dashed line 8000 is called a
back channel because it is disposed on the rear side of the
channel formation region.

Next, an insulating layer 600 (a protective layer or an
interlayer insulating film) is formed to cover the transistor
(FIG. 2B).

As the insulating layer, any material having an insulating
property can be used. For example, a silicon oxide film, a
silicon nitride film, a silicon oxide film containing nitrogen, a
silicon nitride film containing oxygen, an aluminum nitride
film, an aluminum oxide film, a siloxane film, an acrylic film,
a polyimide film, or the like can be used, but the insulating
layer is not limited to these examples. The interlayer insulat-
ing film may have a single-layer structure or a stacked-layer
structure.

Here, the kind of insulating layer is changed to compare
electrical characteristics of transistors. It is found that a film
which is formed without using a substance containing a
hydrogen element as a sputtering gas is preferably used for
the insulating layer in a portion in contact with the back
channel (the portion surrounded by the dashed line 8000).

When a substance containing a hydrogen element is con-
tained in the back channel, the threshold voltage (Vth) of the
transistor shifts in a negative direction.

Since a deposition gas containing a hydrogen element
(typically, SiH, or the like) is used in a plasma CVD method,
a substance containing a hydrogen element is added to the
back channel when the insulating layer is formed by a plasma
CVD method.

A siloxane film, an acrylic film, a polyimide film, or the like
contains a large amount of moisture; therefore, a substance
containing a hydrogen element is constantly supplied to the
back channel if any of these films is employed.

That is, a film in which the quantity of substances contain-
ing a hydrogen element is small is preferably used for the
insulating layer in contact with the back channel.

Note that the step of FIG. 2B corresponds to a step of
forming the insulating layer 600 over the contact electrode
510, the contact electrode 520, and the back channel (the
portion surrounded by the dashed line 8000).

A structure may be employed in which, after the step of
FIG. 2B, contact holes are formed in the insulating layer 600
and a wiring 810, a wiring 820, and the like are formed over
the insulating layer 600 (FIG. 3A).

Alternatively, a structure may be employed in which, after
the step of FIG. 2B, a contact hole is formed in the insulating
layer 600 and a pixel electrode 910 is formed over the insu-
lating layer 600 (FIG. 3B).

After the wirings are formed over the insulating layer 600
as illustrated in FIG. 3A, an insulating layer, a wiring, a
transistor, a display element, an antenna, or the like may be
further formed over the wirings.

After the pixel electrode 910 is formed as illustrated in
FIG. 3B, a display element (e.g., an EL element or a liquid
crystal element) is formed, whereby a display device can be
formed.

Afterthe step of FIG. 3A or FIG. 3B, second heat treatment
is preferably performed.
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The second heat treatment may be performed between the
step of FIG. 2B and the step of FIG. 3A or FIG. 3B.

In other words, the timing of the second heat treatment is
not particularly limited as long as it is performed after the
insulating layer 600 is formed.

The second heat treatment is preferably performed at
higher than or equal to 150° C. and lower than or equal to 500°
C. (preferably higher than or equal to 200° C. and lower than
or equal to 300° C.).

The heating time of the second heat treatment is preferably
longer than or equal to 1 hour and shorter than or equal to 10
hours.

The second heat treatment is preferably performed using a
furnace, an oven, gas RTA, or the like.

Note that hydrogen in the oxide semiconductor layer is
released and oxygen in the oxide semiconductor layer is also
released by the first heat treatment which has been performed
previously.

That is, by the first heat treatment, oxygen deficiency is
formed in the oxide semiconductor layer.

Thus, when the second heat treatment is performed, the
insulating layer is made to be in an oxygen-excess state;
therefore, oxygen can be supplied to the oxide semiconductor
layer and oxygen deficiency in the oxide semiconductor layer
can be reduced.

Examples of the formation method of the insulating layer
containing excessive oxygen include, but are not limited to, a
method in which, in the case where a non-oxide target (sili-
con, aluminum, or the like) is used as a sputtering target and
oxygen is used as a sputtering gas for reactive sputtering, the
flow rate of oxygen is increased; a method in which an oxide
target (silicon oxide, aluminum oxide, or the like) is used as a
sputtering target and oxygen is used as a sputtering gas (in the
case where an oxide target is used, oxygen is not used as a
sputtering gas in general); and a method in which an insulat-
ing layer is formed and oxygen is introduced into the insulat-
ing layer by ion implantation or ion doping (note that in the
case where reactive sputtering is performed, a gas such as
argon is not preferably used so that a sputtering gas contains
oxygen at 100%).

That is, a method in which oxygen is used as a deposition
gas for formation of the insulating layer, a method in which
oxygen is added to the insulating layer after the insulating
layer is formed, or the like may be used. Needless to say,
oxygen may be used as a deposition gas for formation of the
insulating layer, and in addition, oxygen may be added to the
insulating layer after the insulating layer is formed.

Note that in the case where titanium is used for the contact
electrode, the second heat treatment is performed after the
insulating layer 600 is formed, so that titanium oxide can be
formed between the oxide semiconductor layer and titanium.

By formation of titanium oxide, the contact resistance
between the oxide semiconductor layer and titanium can be
reduced.

Note that when titanium oxide is present between the oxide
semiconductor layer and titanium, the contact resistance
between the oxide semiconductor layer and titanium can be
reduced, so that a structure may be formed in which titanium
oxide and titanium are sequentially stacked when the contact
electrode is formed.

In this case, titanium oxide can be formed by a sputtering
method, an evaporation method, or the like.

The contents of this embodiment or part thereof can be
implemented in combination with any of the other embodi-
ments and examples.
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Embodiment 2

In this embodiment, a semiconductor device including a
transistor which has a structure different from that of the
transistor in Embodiment 1 will be described.

Note that materials or the like of the layers are the same as
those in Embodiment 1.

A transistor in FIG. 4A is a bottom-gate bottom-contact
(BGBC) transistor, and includes the gate electrode 200 pro-
vided over the substrate 100 having an insulating surface; the
gate insulating layer 300 provided over the gate electrode
200; the contact electrode 510 and the contact electrode 520
provided over the gate insulating layer 300; and the oxide
semiconductor layer 410 (island shape) provided over the
gate insulating layer 300, the contact electrode 510, and the
contact electrode 520.

Note that the insulating layer 600 is provided to cover the
transistor.

A portion surrounded by the dashed line 8000 serves as a
back channel.

A transistor in FIG. 4B is a top-gate transistor, and includes
the oxide semiconductor layer 410 (island shape) provided
over the substrate 100 having an insulating surface; the gate
insulating layer 300 provided over the oxide semiconductor
layer 410; and the gate electrode 200 provided over the gate
insulating layer 300.

Note that the insulating layer 600 is provided to cover the
transistor, and the wiring 810, the wiring 820, and a wiring
830 are provided through contact holes provided in the insu-
lating layer 600.

A transistor in FIG. 4C is a channel-stop transistor, and
includes the gate electrode 200 provided over the substrate
100 having an insulating surface; the gate insulating layer 300
provided over the gate electrode 200; the oxide semiconduc-
tor layer 410 (island shape) provided over the gate insulating
layer 300; a channel protective layer 700 provided over the
oxide semiconductor layer 410; and the contact electrode 510
and the contact electrode 520 provided over the oxide semi-
conductor layer 410 and the channel protective layer 700.

Note that the insulating layer 600 is provided to cover the
transistor.

A portion surrounded by the dashed line 8000 serves as a
back channel.

Here, the channel protective layer 700 can be formed using
a material similar to the material of the insulating layer 600
described in Embodiment 1. The channel protective layer 700
and the insulating layer 600 may be formed using either the
same material or different materials.

In the channel-stop transistor, a portion in contact with the
back channel is not the insulating layer 600 but the channel
protective layer 700.

That is, a film in which the quantity of substances contain-
ing a hydrogen element is small is preferably used for the
channel protective layer 700.

A ftransistor in FIG. 15A is a top-gate bottom-contact
(TGBC) transistor, and includes the contact electrode 510 and
the contact electrode 520 provided over a base insulating
layer 900; the oxide semiconductor layer 410 (island shape)
provided over the base insulating layer 900, the contact elec-
trode 510, and the contact electrode 520; the gate insulating
layer 300 provided over the oxide semiconductor layer 410;
and the gate electrode 200 provided over the gate insulating
layer 300.

Note that the base insulating layer 900 is provided over the
substrate 100.

The insulating layer 600 is provided to cover the transistor.
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A portion surrounded by the dashed line 8000 serves as a
back channel.

Here, the base insulating layer 900 can be formed using a
material similar to the material of the insulating layer 600
described in Embodiment 1. The base insulating layer 900
and the insulating layer 600 may be formed using either the
same material or different materials.

In the top-gate bottom-contact transistor, a portion in con-
tact with the back channel is not the insulating layer 600 but
the base insulating layer 900.

That is, a film in which the quantity of substances contain-
ing ahydrogen element is small is preferably used for the base
insulating layer 900.

The base insulating layer 900 is preferably formed using an
insulating layer containing excessive oxygen by a method
similar to the method described in Embodiment 1. In this
case, when first heat treatment is performed, oxygen is
released from the oxide semiconductor layer and oxygen is
supplied to the oxide semiconductor layer from the base
insulating layer at the same time.

A transistor in FIG. 15B is a top-gate top-contact (TGTC)
transistor, and includes the oxide semiconductor layer 410
(island shape) provided over the base insulating layer 900; the
contact electrode 510 and the contact electrode 520 provided
over the oxide semiconductor layer 410 and the base insulat-
ing layer 900; the gate insulating layer 300 provided over the
oxide semiconductor layer 410, the contact electrode 510,
and the contact electrode 520; and the gate electrode 200
provided over the gate insulating layer 300.

Note that the base insulating layer 900 is provided over the
substrate 100.

The insulating layer 600 is provided to cover the transistor.

A portion surrounded by the dashed line 8000 serves as a
back channel.

Here, the base insulating layer 900 can be formed using a
material similar to the material of the insulating layer 600
described in Embodiment 1. The base insulating layer 900
and the insulating layer 600 may be formed using either the
same material or different materials.

In the top-gate top-contact transistor, a portion in contact
with the back channel is not the insulating layer 600 but the
base insulating layer 900.

That is, a film in which the quantity of substances contain-
ing ahydrogen element is small is preferably used for the base
insulating layer 900.

Note that in the transistor in FIG. 4B, an off-set region
having a width of several micrometers is formed between a
channel formation region (a region where the gate electrode
and the oxide semiconductor layer overlap with each other)
and each of contact regions (regions where the wirings and
the oxide semiconductor layer are in contact with each other).

The off-set region has an advantage of reducing off current
of'the transistor, but it has a disadvantage of reducing also on
current of the transistor.

On the other hand, unlike in FIG. 4B, an oft-set region is
not present in FIGS. 15A and 15B; thus, unlike the transistor
in FIG. 4B, the transistors in FIGS. 15A and 15B have an
advantage of improving on current.

As described above, the transistor may employ any struc-
ture.

In other words, the transistor may employ any structure as
long as the transistor includes at least the gate electrode, the
oxide semiconductor layer, and the gate insulating layer pro-
vided between the gate electrode and the oxide semiconduc-
tor layer.

A dual-gate transistor may be employed in which a first
gate electrode, a first gate insulating layer over the first gate
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electrode, an oxide semiconductor layer over the first gate
insulating layer, a second gate insulating layer over the oxide
semiconductor layer, and a second gate electrode over the
second gate insulating layer are provided.

Therefore, the structure of the transistor is not limited to
any of the structures described in Embodiment 1 and 2.

The contents of this embodiment or part thereof can be
implemented in combination with any of the other embodi-
ments and examples.

Embodiment 3

An example of a method for manufacturing the semicon-
ductor device in FIG. 4A will be described.

Note that materials, conditions of heat treatment, and the
like are the same as those in another embodiment.

The gate electrode 200 is formed over the substrate 100
having an insulating surface. Then, the gate insulating layer
300 is formed over the gate electrode 200, and the contact
electrode 510 and the contact electrode 520 are formed over
the gate insulating layer 300 (FIG. 5A).

Next, the oxide semiconductor layer 400 is formed over the
gate insulating layer 300, the contact electrode 510, and the
contact electrode 520 (FIG. 5B).

Next, the oxide semiconductor layer is subjected to first
heat treatment.

The conditions of the first heat treatment are the same as
those in Embodiment 1.

The first heat treatment may be performed after the oxide
semiconductor layer 400 is etched into an island shape to
form the oxide semiconductor layer 410.

However, after the oxide semiconductor layer 400 is etched
into an island shape to form the oxide semiconductor layer
410, the contact electrodes are exposed.

When the first heat treatment is performed in the state
where the contact electrodes are exposed, surfaces of the
contact electrodes are oxidized and the conductivity of the
surfaces are reduced.

Therefore, the first heat treatment is preferably performed
in the state where the contact electrodes are covered with the
oxide semiconductor layer 400.

Next, the oxide semiconductor layer 400 is etched into an
island shape to form the oxide semiconductor layer 410, and
the insulating layer 600 is formed to cover a transistor (FI1G.
50).

Note that a portion surrounded by the dashed line 8000
serves as a back channel.

A structure may be employed in which, after the step of
FIG. 5C, contact holes are formed in the insulating layer 600
and the wiring 810, the wiring 820, and the like are formed
over the insulating layer 600 (FIG. 6A).

Alternatively, a structure may be employed in which, after
the step of FIG. 5C, a contact hole is formed in the insulating
layer 600 and a pixel electrode 910 is formed over the insu-
lating layer 600 (FIG. 6B).

After the wirings are formed over the insulating layer 600
as illustrated in FIG. 6A, an insulating layer, a wiring, a
transistor, a display element, an antenna, or the like may be
further formed over the wirings.

After the pixel electrode 910 is formed as illustrated in
FIG. 6B, a display element (e.g., an EL element or a liquid
crystal element) is formed, whereby a display device can be
formed.

Afterthe step of FIG. 6 A or FIG. 6B, second heat treatment
is preferably performed.

The second heat treatment may be performed between the
step of FIG. 5C and the step of FIG. 6A or FIG. 6B.
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The conditions of the second heat treatment are the same as
those in Embodiment 1.

The contents of this embodiment or part thereof can be
implemented in combination with any of the other embodi-
ments and examples.

Embodiment 4

An example of a method for manufacturing the semicon-
ductor device in FIG. 4C will be described.

Note that materials, conditions of heat treatment, and the
like are the same as those in another embodiment.

First, the structure of FIG. 1B is formed as in Embodiment
1.

Note that first heat treatment is also performed as in
Embodiment 1.

Next, the channel protective layer 700 (island shape) is
formed, and the conductive layer 500 is formed to cover the
channel protective layer 700 (FIG. 7A).

Then, the conductive layer 500 is etched to form the contact
electrode 510 and the contact electrode 520 (FIG. 7B).

Note that a portion surrounded by the dashed line 8000
serves as a back channel.

Because of the presence of the channel protective layer
700, the back channel is not etched during the formation of
the contact electrodes; therefore, damage to the back channel
can be reduced.

Here, the channel protective layer 700 can be formed using
a material similar to the material of the insulating layer 600
described in Embodiment 1. The channel protective layer 700
and the insulating layer 600 may be formed using either the
same material or different materials.

In the channel-stop transistor, a portion in contact with the
back channel is not the insulating layer 600 but the channel
protective layer 700.

That is, a film in which the quantity of substances contain-
ing a hydrogen element is small is preferably used for the
channel protective layer 700.

The channel protective layer 700 is preferably formed
using an insulating layer containing excessive oxygen by a
method similar to the method described in Embodiment 1.

Next, the insulating layer 600 is formed to cover the tran-
sistor (FIG. 7C).

A structure may be employed in which, after the step of
FIG. 7C, contact holes are formed in the insulating layer 600
and the wiring 810, the wiring 820, and the like are formed
over the insulating layer 600 (FIG. 8A).

Alternatively, a structure may be employed in which, after
the step of FIG. 7C, a contact hole is formed in the insulating
layer 600 and the pixel electrode 910 is formed over the
insulating layer 600 (FIG. 8B).

After the wirings are formed over the insulating layer 600
as illustrated in FIG. 8A, an insulating layer, a wiring, a
transistor, a display element, an antenna, or the like may be
further formed over the wirings.

After the pixel electrode 910 is formed as illustrated in
FIG. 8B, a display element (e.g., an EL element or a liquid
crystal element) is formed, whereby a display device can be
formed.

After the step of FIG. 8 A or F1G. 8B, second heat treatment
is preferably performed.

The second heat treatment may be performed between the
step of FIG. 7C and the step of FIG. 8A or FIG. 8B.

The conditions of the second heat treatment are the same as
those in Embodiment 1.
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The contents of this embodiment or part thereof can be
implemented in combination with any of the other embodi-
ments and examples.

Embodiment 5

As a semiconductor device, there are various integrated
circuits.

For example, display devices (such as liquid crystal display
devices and electroluminescent display devices (light-emit-
ting devices)), semiconductor devices for performing wire-
less communication through antennas (such as RFID tags,
wireless tags, IC chips, wireless chips, noncontact signal
processing devices, and semiconductor integrated circuit
chips), and the like are given, but the integrated circuit is not
limited to these examples.

The contents of this embodiment or part thereof can be
implemented in combination with any of the other embodi-
ments and examples.

Example 1

An influence of the nitrogen concentration in an oxide
semiconductor was examined.

First, an oxide semiconductor layer was formed over a
glass substrate.

Then, the case where heat treatment was not performed
after the formation of the oxide semiconductor layer and the
case where heat treatment was performed after the formation
of'the oxide semiconductor layer were compared.

They were compared by secondary ion mass spectrometry
(SIMS).

Note that the heat treatment was performed at 350° C. for
1 hour.

The heating atmosphere was set to an air atmosphere or a
nitrogen atmosphere.

Here, the oxide semiconductor layer was formed by sput-
tering using an oxide semiconductor target in which the atom
ratio of In to Ga and Zn was 1:1:0.5 (In,05:Ga,05:Zn0=1:
1:1 (at a molar ratio)).

Note that before the formation of the oxide semiconductor
layer, the reduction of leakage from a deposition chamber, the
reduction of nitrogen on the inner wall of the deposition
chamber, deposition onto a dummy substrate, or the like was
sufficiently performed, so that incorporation of nitrogen into
the oxide semiconductor layer was thoroughly prevented.
(Sample 1)

In Sample 1, the flow rate of a sputtering gas was set as
follows: Ar/N,=40/0 sccm (the proportion of N, was 0%).
Note that three Samples 1 were prepared.

The measurement results of SIMS of Sample 1 are shown
in FIGS. 10A and 10B.

(Sample 2)

In Sample 2, the flow rate of a sputtering gas was set as
follows: Ar/N,=35/5 scem (the proportion of N, was 12.5%).
Note that three Samples 2 were prepared.

The measurement results of SIMS of Sample 2 are shown
in FIGS. 11A and 11B.

(Sample 3)

In Sample 3, the flow rate of a sputtering gas was set as
follows: Ar/N,=0/40 sccm (the proportion of N, was 100%).
Note that three Samples 3 were prepared.

The measurement results of SIMS of Sample 3 are shown
in FIGS. 12A and 12B.

(Consideration)

In each of FIGS. 10A and 10B, FIGS. 11A and 11B, and

FIGS. 12A and 12B, a dotted line 3001 denotes the sample on
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which heat treatment was not performed (such a sample is
referred to as an “as-deposited sample™), a thick solid line
3002 denotes the sample which was heated in a nitrogen
atmosphere (such a sample is referred to as an “N,-baked
sample”), and a thin solid line 3003 denotes the sample which
was heated in an air atmosphere (such a sample is referred to
as an “air-baked sample”).

FIG. 10A, FIG. 11A, and FIG. 12A show the hydrogen
concentration, and FIG. 10B, FIG. 11B, and FIG. 12B show
the nitrogen concentration.

In FIGS. 10A and 10B, FIGS. 11A and 11B, and FIGS.
12A and 12B, the vertical axis represents the concentration,
and the horizontal axis represents the depth from a surface of
the oxide semiconductor layer (the film thickness).

Note that the measurement results of secondary ion mass
spectrometry (SIMS) have an effective range.

In the case of this example, in the vicinity of the surface of
the oxide semiconductor layer (at a depth of approximately 0
nm to 30 nm in FIGS. 10A and 10B, FIGS. 11A and 11B, and
FIGS. 12A and 12B) and in the vicinity of the interface
between the oxide semiconductor layer and the glass sub-
strate (at a depth of approximately 80 nm to 100 nm in FIGS.
10A and 10B, FIGS. 11A and 11B, and FIGS. 12A and 12B),
accurate values are difficult to evaluate.

Therefore, in the case of this example, the effective range
of'the measurement results of SIMS was set to the range 0of 30
nm to 80 nm in depth.

Here, the average values of the hydrogen concentration in
the effective range of the dotted line 3001 (the as-deposited
sample) in FIG. 10A, the dotted line 3001 (the as-deposited
sample) in FIG. 11A, and the dotted line 3001 (the as-depos-
ited sample) in FIG. 12A are compared. It is found that the
average value in FIG. 11A is larger than that in FIG. 10A, and
the average value in FIG. 12A is larger than that in FIG. 11A.

Further, the average values of the nitrogen concentrations
in the effective range of the dotted line 3001 (the as-deposited
sample) in FIG. 10B, the dotted line 3001 (the as-deposited
sample) in FIG. 11B, and the dotted line 3001 (the as-depos-
ited sample) in FIG. 12B are compared. It is found that the
average value in FIG. 11B is larger than that in FIG. 10B, and
the average value in FIG. 12B is larger than that in FIG. 11B.

That is, in the as-deposited samples, the higher the nitrogen
concentration in the oxide semiconductor layer is, the higher
the hydrogen concentration in the oxide semiconductor layer
becomes.

Therefore, the higher the nitrogen concentration in the
oxide semiconductor layer is, the more hydrogen is likely to
enter the oxide semiconductor layer.

With reference to FIG. 10A, the hydrogen concentration is
decreased through the heat treatment.

On the other hand, with reference to FIG. 11A and FIG.
12A, the hydrogen concentration is increased through the
heat treatment.

Notethat in FIG. 12A, in the range of 30 nm to 60 nm, there
is little difference in the hydrogen concentration among the
dotted line 3001 (the as-deposited sample), the thick solid line
3002 (the N,-baked sample), and the thin solid line 3003 (the
air-baked sample).

However, in the range of 30 nm to 80 nm which is the
effective range, the average value of the hydrogen concentra-
tion of the thick solid line 3002 (the N,-baked sample) and
that of the thin solid line 3003 (the air-baked sample) are
larger than that of the dotted line 3001 (the as-deposited
sample).

Thus, it is clear that, in the case where the total amounts of
hydrogen in the oxide semiconductor layers are compared,
the amount of hydrogen shown by the thick solid line 3002
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(the N,-baked sample) and that shown by the thin solid line
3003 (the air-baked sample) are larger than that shown by the
dotted line 3001 (the as-deposited sample).

It seem that the reason why the thick solid line 3002 (the
N,-baked sample) and the thin solid line 3003 (the air-baked
sample) have V-like shapes in FIG. 12A is that hydrogen is
injected from the surface of the film and the glass substrate.

Here, in Sample 1, the maximum value of the nitrogen
concentration in the effective range of the measurement
results of SIMS was 1x10?° atoms/cm® or less (less than
1x10%° atoms/cm?) (FIG. 10B).

Therefore, in Sample 1, the average value of the nitrogen
concentration in the effective range of the measurement
results of SIMS was also 1x10?° atoms/cm? or less (less than
1x10%° atoms/cm®) (the average value is not larger than the
maximum value).

Note that, as for the as-deposited Sample 1 (FIGS. 10A and
10B), the maximum value of the nitrogen concentration in the
effective range of the measurement results of SIMS was 9.3x
10*° atoms/cm?, the minimum value of the nitrogen concen-
tration in the effective range of the measurement results of
SIMS was 1.9x10'° atoms/cm?, and the average value of the
nitrogen concentration in the effective range of the measure-
ment results of SIMS was 6.1x10' atoms/cm>.

Further, as for the as-deposited Sample 1 (FIGS. 10A and
10B), the maximum value of the hydrogen concentration in
the effective range of the measurement results of SIMS was
6.9x10"° atoms/cm>, the minimum value of the hydrogen
concentration in the effective range of the measurement
results of SIMS was 4.5x10'° atoms/cm’, and the average
value of the hydrogen concentration in the effective range of
the measurement results of SIMS was 5.6x10'® atoms/cm®.

Note that, as for the N,-baked Sample 1 (FIGS. 10A and
10B), the maximum value of the nitrogen concentration in the
effective range of the measurement results of SIMS was 9.7x
10*° atoms/cm?>, the minimum value of the nitrogen concen-
tration in the effective range of the measurement results of
SIMS was 3.0x10"° atoms/cm>, and the average value of the
nitrogen concentration in the effective range of the measure-
ment results of SIMS was 6.0x10'® atoms/cm>.

Further, as for the N,-baked Sample 1 (FIGS. 10A and
10B), the maximum value of the hydrogen concentration in
the effective range of the measurement results of SIMS was
2.3x10'? atoms/cm>, the minimum value of the hydrogen
concentration in the effective range of the measurement
results of SIMS was 6.4x10'® atoms/cm?, and the average
value of the hydrogen concentration in the effective range of
the measurement results of SIMS was 1.2x10'® atoms/cm®.

Note that, as for the air-baked Sample 1 (FIGS. 10A and
10B), the maximum value of the nitrogen concentration in the
effective range of the measurement results of SIMS was 3.1x
10*° atoms/cm?>, the minimum value of the nitrogen concen-
tration in the effective range of the measurement results of
SIMS was 4.4x10"® atoms/cm>, and the average value of the
nitrogen concentration in the effective range of the measure-
ment results of SIMS was 1.8x10'® atoms/cm>.

Further, as for the air-baked Sample 1 (FIGS. 10A and
10B), the maximum value of the hydrogen concentration in
the effective range of the measurement results of SIMS was
6.7x10'® atoms/cm>, the minimum value of the hydrogen
concentration in the effective range of the measurement
results of SIMS was 2.0x10'® atoms/cm?, and the average
value of the hydrogen concentration in the effective range of
the measurement results of SIMS was 3.8x10'® atoms/cm”.

On the other hand, in Sample 2 and Sample 3, the minimum
value of the nitrogen concentration in the effective range of
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the measurement results of SIMS was 1x10° atoms/cm” or
more (FIG. 11B and FIG. 12B).

Therefore, in Sample 2 and Sample 3, the average value of
the nitrogen concentration in the effective range of the mea-
surement results of SIMS was also 1x10?? atoms/cm> or more
(the average value is not smaller than the maximum value).

Note that, as for the as-deposited Sample 2 (FIGS. 11A and
11B), the maximum value of the nitrogen concentration in the
effective range of the measurement results of SIMS was 1.6x
10* atoms/cm?>, the minimum value of the nitrogen concen-
tration in the effective range of the measurement results of
SIMS was 1.5x10?* atoms/cm?, and the average value of the
nitrogen concentration in the effective range of the measure-
ment results of SIMS was 1.5x10? atoms/cm®.

Further, as for the as-deposited Sample 2 (FIGS. 11A and
11B), the maximum value of the hydrogen concentration in
the effective range of the measurement results of SIMS was
1.0x10*° atoms/cm’, the minimum value of the hydrogen
concentration in the effective range of the measurement
results of SIMS was 6.3x10"° atoms/cm>, and the average
value of the hydrogen concentration in the effective range of
the measurement results of SIMS was 7.8x10' atoms/cm>.

Note that, as for the N,-baked Sample 2 (FIGS. 11A and
11B), the maximum value of the nitrogen concentration in the
effective range of the measurement results of SIMS was 1.5x
1022 atoms/cm?, the minimum value of the nitrogen concen-
tration in the effective range of the measurement results of
SIMS was 1.4x10?* atoms/cm?, and the average value of the
nitrogen concentration in the effective range of the measure-
ment results of SIMS was 1.5x10? atoms/cm®.

Further, as for the N,-baked Sample 2 (FIGS. 11A and
11B), the maximum value of the hydrogen concentration in
the effective range of the measurement results of SIMS was
1.2x10*" atoms/cm’, the minimum value of the hydrogen
concentration in the effective range of the measurement
results of SIMS was 6.5x10%° atoms/cm’, and the average
value of the hydrogen concentration in the effective range of
the measurement results of SIMS was 7.7x10%° atoms/cm>.

Note that, as for the air-baked Sample 2 (FIGS. 11A and
11B), the maximum value of the nitrogen concentration in the
effective range of the measurement results of SIMS was 1.6x
1022 atoms/cm?, the minimum value of the nitrogen concen-
tration in the effective range of the measurement results of
SIMS was 1.5x10%? atoms/cm?, and the average value of the
nitrogen concentration in the effective range of the measure-
ment results of SIMS was 1.6x10** atoms/cm”>.

Further, as for the air-baked Sample 2 (FIGS. 11A and
11B), the maximum value of the hydrogen concentration in
the effective range of the measurement results of SIMS was
6.9x10%° atoms/cm?, the minimum value of the hydrogen
concentration in the effective range of the measurement
results of SIMS was 4.4x10°° atoms/cm?, and the average
value of the hydrogen concentration in the effective range of
the measurement results of STMS was 5.3x10?° atoms/cm®.

Note that, as for the as-deposited Sample 3 (FIGS. 12A and
12B), the maximum value of the nitrogen concentration in the
effective range of the measurement results of SIMS was 3.4x
10* atoms/cm?>, the minimum value of the nitrogen concen-
tration in the effective range of the measurement results of
SIMS was 3.1x10%? atoms/cm?, and the average value of the
nitrogen concentration in the effective range of the measure-
ment results of SIMS was 3.3x10%* atoms/cm”>.

Further, as for the as-deposited Sample 3 (FIGS. 12A and
12B), the maximum value of the hydrogen concentration in
the effective range of the measurement results of SIMS was
1.9x10%° atoms/cm?®, the minimum value of the hydrogen
concentration in the effective range of the measurement
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results of SIMS was 1.1x10%° atoms/cm’, and the average
value of the hydrogen concentration in the effective range of
the measurement results of SIMS was 1.4x10%° atoms/cm®.

Note that, as for the N,-baked Sample 3 (FIGS. 12A and
12B), the maximum value of the nitrogen concentration in the
effective range of the measurement results of SIMS was 3.3x
1072 atoms/cm?, the minimum value of the nitrogen concen-
tration in the effective range of the measurement results of
SIMS was 3.2x10%? atoms/cm>, and the average value of the
nitrogen concentration in the effective range of the measure-
ment results of SIMS was 3.2x10** atoms/cm”>.

Further, as for the N,-baked Sample 3 (FIGS. 12A and
12B), the maximum value of the hydrogen concentration in
the effective range of the measurement results of SIMS was
8.6x10%° atoms/cm®, the minimum value of the hydrogen
concentration in the effective range of the measurement
results of SIMS was 1.4x10°° atoms/cm?, and the average
value of the hydrogen concentration in the effective range of
the measurement results of SIMS was 2.7x10%° atoms/cm®.

Note that, as for the air-baked Sample 3 (FIGS. 12A and
12B), the maximum value of the nitrogen concentration in the
effective range of the measurement results of SIMS was 3.5x
10?* atoms/cm>, the minimum value of the nitrogen concen-
tration in the effective range of the measurement results of
SIMS was 3.3x10%? atoms/cm>, and the average value of the
nitrogen concentration in the effective range of the measure-
ment results of SIMS was 3.4x10** atoms/cm”>.

Further, as for the air-baked Sample 3 (FIGS. 12A and
12B), the maximum value of the hydrogen concentration in
the effective range of the measurement results of SIMS was
1.0x10*' atoms/cm?, the minimum value of the hydrogen
concentration in the effective range of the measurement
results of SIMS was 7.6x10*° atoms/cm?, and the average
value of the hydrogen concentration in the effective range of
the measurement results of SIMS was 2.8x10%° atoms/cm”.

As described above, it is found that hydrogen is easily
absorbed by the oxide semiconductor layer containing nitro-
gen.

In other words, an oxide semiconductor layer whose aver-
age value of the nitrogen concentration in the effective range
of the measurement results of SIMS is 1x10%® atoms/cm® or
less (less than 1x10?° atoms/cm®) is a dense layer which is
difficult for hydrogen to enter.

In Samples 1 to 3, the nitrogen concentration in the oxide
semiconductor layer was not increased even through the heat
treatment. In Samples 1, in the case where the air-baking was
performed, the nitrogen concentration in the oxide semicon-
ductor layer was decreased.

Here, it is assumed that the reason why nitrogen is
absorbed by the oxide semiconductor layer is that part of an
oxygen bond in the oxide semiconductor layer is cut off
during formation of the oxide semiconductor layer and a
nitrogen bond is formed in a position where the oxide bond
has been cut off.

Therefore, it is hypothesized that the concentration of
nitrogen which is to be contained in the oxide semiconductor
layer can be decreased in the case where an oxygen bond is
formed in a position where another oxide bond has been cut
off. Note that when these assumption and hypothesis are
valid, oxide semiconductors other than an In—Ga—Zn—O-
based oxide semiconductor are also influenced by nitrogen.

Example 2
In order to demonstrate the validity of the assumption and

hypothesis in Example 1, an oxide semiconductor layer was
formed using oxygen as a sputtering gas.



US 9,196,738 B2

21

When oxygen is supplied, an oxygen bond should be more
likely to be formed in a position where another oxygen bond
has been cut off.

The oxide semiconductor layer was formed by sputtering
using an oxide semiconductor target in which the atom ratio
of In to Ga and Zn was 1:1:0.5 (In,0;:Ga,05:Zn0O=1:1:1 (at
a molar ratio))

Note that before the formation of the oxide semiconductor
layer, the reduction of leakage from a deposition chamber, the
reduction of nitrogen on the inner wall of the deposition
chamber, deposition onto a dummy substrate, or the like was
sufficiently performed, so that incorporation of nitrogen into
the oxide semiconductor layer was thoroughly prevented.
(Sample 4)

In Sample 4, the flow rate of a sputtering gas was set as
follows: Ar/O,=30/15 sccm (the proportion of O, was
33.3%).

The measurement results of SIMS of Sample 4 are shown
in FIG. 13A.

(Sample 5)

In Sample 5 (the as-deposited sample), the flow rate of a
sputtering gas was set as follows: Ar/O,=0/40 sccm (the
proportion of O, was 100%).

The measurement results of SIMS of Sample 5 are shown
in FIG. 13B.

(Consideration)

The effective range of the measurement results of SIMS is
the same as that in Example 1.

Here, in Sample 4 (FIG. 13A), the maximum value of the
nitrogen concentration in the effective range of the measure-
ment results of SIMS was 5x10*° atoms/cm® or less (less than
5x10* atoms/cm?®).

Therefore, in Sample 4 (FIG. 13A), the average value of the
nitrogen concentration in the effective range of the measure-
ment results of SIMS was also 5x10'° atoms/cm® or less (less
than 5x10"° atoms/cm®) (the average value is not larger than
the maximum value).

In Sample 4 (FIG. 13A), the average value of the nitrogen
concentration in the effective range of the measurement
results of SIMS was calculated. The average value was
1x10'? atoms/cm? or less (less than 1x10'® atoms/cm?).

In Sample 5 (FIG. 13B), the maximum value of the nitro-
gen concentration in the effective range of the measurement
results of SIMS was 2x10"° atoms/cm> or less (less than
2x10"° atoms/cm®).

Therefore, in Sample 5 (FIG. 13B), the average value of the
nitrogen concentration in the effective range of the measure-
ment results of SIMS was also 1x10'° atoms/cm? or less (less
than 1x10° atoms/cm®).

Sample 4 (FIG. 13A) and Sample 5 (FIG. 13B) have a
lower nitrogen concentration than Sample 1 (FIG. 10B) to
which oxygen was not added.

Note that, as for the as-deposited Sample 4 (FIG. 13A), the
maximum value of the nitrogen concentration in the effective
range of the measurement results of SIMS was 1.6x10™°
atoms/cm?, the minimum value of the nitrogen concentration
in the effective range of the measurement results of SIMS was
2.2x10'® atoms/cm?®, and the average value of the nitrogen
concentration in the effective range of the measurement
results of SIMS was 4.6x10'® atoms/cm?.

Note that, as for the as-deposited Sample 5 (FIG. 13B), the
maximum value of the nitrogen concentration in the effective
range of the measurement results of SIMS was 1.6x10"°
atoms/cm?, the minimum value of the nitrogen concentration
in the effective range of the measurement results of SIMS was
2.3x10"® atoms/cm’, and the average value of the nitrogen
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concentration in the effective range of the measurement
results of SIMS was 7.7x10'® atoms/cm®.

Therefore, the validity of the assumption and hypothesis in
Example 1 was demonstrated.

Example 3

The difference in electrical characteristics of transistors
due to the difference in materials of the insulating layer 600
was examined.

(Common Condition)

The channel-etched transistor in FIG. 2B was manufac-
tured.

For the oxide semiconductor layer 410, a sample formed in
the following manner was used: an oxide semiconductor layer
was formed by sputtering using an oxide semiconductor tar-
get in which the atom ratio of In to Ga and Zn was 1:1:0.5
(In,05:Ga,05:Zn0=1:1:1 (at a molar ratio)), and the oxide
semiconductor layer was etched into an island shape.

After the step of FIG. 1B, first heat treatment was per-
formed at 350° C. for 1 hour in an air atmosphere.

After the step of FIG. 2B, a contact hole was formed in the
insulating layer 600, and a wiring was formed over the insu-
lating layer 600.

After the wiring was formed, second heat treatment was
performed at 350° C. for 1 hour in an air atmosphere.
(Sample 6)

The insulating layer 600 was formed by a sputtering
method using a silicon oxide target.

The insulating layer 600 was formed under the following
conditions. The substrate temperature was set to 100° C. The
flow rate of a sputtering gas was set as follows: Ar/O,=40/10
sccm.

The RF power source was used, and the power of the RF
power source was set to 1.5 kW.

The deposition pressure was set to 0.4 Pa.

(Sample 7)

The insulating layer 600 was formed by a sputtering
method using a silicon oxide target.

The insulating layer 600 was formed under the following
conditions. The substrate temperature was set to 250° C. The
flow rate of a sputtering gas was set as follows: Ar/O,=40/10
sccm.

The RF power source was used, and the power of the RF
power source was set to 1.5 kW.

The deposition pressure was set to 0.4 Pa.

(Sample 8)

The insulating layer 600 was formed by a sputtering
method using a silicon oxide target.

The insulating layer 600 was formed under the following
conditions. The substrate temperature was set to 100° C. The
flow rate of a sputtering gas was set as follows: Ar/H,=46/4
sccm.

The RF power source was used, and the power of the RF
power source was set to 1.5 kW.

The deposition pressure was set to 0.4 Pa.

(Sample 9)

The insulating layer 600 was formed by a plasma CVD
method.

The insulating layer 600 was formed under the following
conditions. The substrate temperature was set to 200° C. The
flow rate of deposition gases was set as follows: SiH,/
N,0=25/1000 sccm.

(Sample 10)

The insulating layer 600 was formed by a plasma CVD

method.
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The insulating layer 600 was formed under the following
conditions. The substrate temperature was set to 325° C. The
flow rate of deposition gases was set as follows: SiH,/
N,0=27/1000 sccm.

(Sample 11)

The insulating layer 600 was formed using a siloxane film.
(Sample 12)

The insulating layer 600 was formed using an acrylic film.
(Sample 13)

The insulating layer 600 was formed using a polyimide
film.

(Consideration)

The threshold voltage Vth of Samples 8 to 13 shifted in a
negative direction as compared with that of Samples 6 and 7.

Here, the insulating layer 600 formed with the use of a
substance which is intentionally made to contain a hydrogen
element contains a hydrogen element.

Consequently, the insulating layer 600 containing hydro-
gen is in contact with a back channel.

The insulating layer 600 formed by a plasma CVD method
contains hydrogen and nitrogen.

Consequently, the insulating layer 600 containing hydro-
gen is in contact with the back channel.

The siloxane film, the acrylic film, and the polyimide film
easily absorb moisture and easily release moisture.

Consequently, the insulating layer 600 which releases
moisture is in contact with the back channel.

Here, with the use of computational science (it is also
called simulation although there is a difference between com-
putational science and simulation in a strict sense), calcula-
tion was performed to examine behavior in the case where a
donor was present in the back channel. The calculation
showed that, in the case where donor was present in the back
channel, the threshold voltage shifted in a negative direction.

Therefore, it was found that, when the insulating layer 600
formed under the condition where hydrogen was not used as
a sputtering gas was used, the threshold voltage was pre-
vented from shifting in a negative direction.

In addition, it was found that oxygen was supplied to the
back channel through the second heat treatment and oxygen
deficiency in the back channel was reduced in the case where
the insulating layer 600 containing excessive oxygen which
was formed using oxygen as a sputtering gas and using a
silicon oxide target was used.

Note that in this example, the second heat treatment was
performed at 350° C. for 1 hour.

Inthe case where the insulating layer 600 was formed using
aninsulating layer containing excessive oxygen, Sample A on
which the second heat treatment has not been performed and
Sample B on which the second heat treatment has been per-
formed at 250° C. for 1 hour were prepared. Then, Sample A
and Sample B were compared. The results showed that
Sample B on which the second heat treatment has been per-
formed at 250° C. for 1 hour had more excellent electrical
characteristics of the transistor than Sample A.

Further, a transistor including the insulating layer 600
formed using only oxygen as a sputtering gas and using a
silicon target was separately prepared.

The case where the insulating layer 600 was formed using
only oxygen as a sputtering gas and using a silicon target at a
substrate temperature of 100° C. and the case where the
insulating layer 600 was formed using only oxygen as a
sputtering gas and using a silicon target at a substrate tem-
perature of 200° C. were compared. The results showed that
the case where the substrate temperature was set to 200° C.
was better than the case where the substrate temperature was
set to 100° C., in the BT test.
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The reason why the case where the substrate temperature
was set to 200° C. was better in the BT test was found to be
that, by increase in the substrate temperature during the for-
mation of the insulating layer 600, moisture on a surface of
the back channel was removed.

Therefore, the substrate temperature during the formation
of'the insulating layer 600 is preferably 200° C. or higher (the
upper limit is not limited, but can be set to 300° C. or lower,
400° C. or lower, 500° C. or lower, 600° C. or lower, or 700°
C. or lower).

Example 4

The channel-etched transistor in FIG. 2A (the In—Ga—
Zn—O-based transistor) was manufactured. Note that the
insulating layer 600 was not formed.

Then, a substrate over which the transistor has been formed
was immersed in water.

The characteristics obtained before the substrate over
which the transistor has been formed was immersed in water
and the characteristics obtained just after the substrate over
which the transistor has been formed was immersed in water
were compared. The results showed that, just after the sub-
strate over which the transistor has been formed was
immersed in water, the threshold voltage shifted in a negative
direction and off current was increased as compared with
those before the substrate over which the transistor has been
formed was immersed in water.

Next, the substrate which has been immersed in water was
heated at 120° C. for 3 minutes in an air atmosphere to be
dried, whereby the characteristics of the transistor were
slightly recovered.

Next, the substrate which has been dried for 3 minutes was
heated at 120° C. for 10 minutes (13 minutes in total) in an air
atmosphere, whereby the characteristics of the transistor
were further recovered.

Next, the substrate which has been dried for 13 minutes
was heated at 120° C. for 40 minutes (53 minutes in total) in
an air atmosphere, whereby the characteristics of the transis-
tor became almost the same ones obtained before the sub-
strate over which the transistor has been formed was
immersed in water.

Thus, it is found that when moisture is attached to the
surface of the back channel, the characteristics of the transis-
tor are influenced.

A small amount of moisture such as the one which is
attached to the surface of the back channel can be removed by
heat treatment at 120° C. for 53 minutes or more.

Note that only the evaporation of moisture needs to be
achieved, and it is therefore clear that increasing the tempera-
ture shortens the drying time.

Example 5

The effect of heat treatment performed on an oxide semi-
conductor layer was examined using thermal desorption
spectroscopy (TDS).

Thermal desorption spectroscopy (TDS) is a method for
analyzing a gas emitted when the temperature of a sample is
increased.

In this example, emission of water vapor was examined.
(Sample 14)

As Sample 14, a glass substrate was prepared.

(Sample 15)

As Sample 15, a sample formed in the following manner
was prepared: an oxide semiconductor layer was formed over
a glass substrate by sputtering using an oxide semiconductor
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target in which the atom ratio of In to Ga and Zn was 1:1:0.5
(In,05:Ga,0,:Zn0=1:1:1 (at a molar ratio)).

Sample 15 has not been subjected to heat treatment (the
as-deposited sample).
(Sample 16)

As Sample 16, the same sample as Sample 15 was pre-
pared.
(Sample 17)

As Sample 17, a sample formed in the following manner
was prepared: an oxide semiconductor layer was formed over
a glass substrate by sputtering using an oxide semiconductor
target in which the atom ratio of In to Ga and Zn was 1:1:0.5
(In,05:Ga,05:Zn0=1:1:1 (at a molar ratio)).

After the oxide semiconductor layer was formed, heat
treatment was performed at 250° C. for 1 hour in a nitrogen
atmosphere.

(Sample 18)

As Sample 18, a sample formed in the following manner
was prepared: an oxide semiconductor layer was formed over
a glass substrate by sputtering using an oxide semiconductor
target in which the atom ratio of In to Ga and Zn was 1:1:0.5
(In,05:Ga,05:Zn0=1:1:1 (at a molar ratio)).

After the oxide semiconductor layer was formed, heat
treatment was performed at 350° C. for 1 hour in a nitrogen
atmosphere.

(Sample 19)

As Sample 19, a sample formed in the following manner
was prepared: an oxide semiconductor layer was formed over
a glass substrate by sputtering using an oxide semiconductor
target in which the atom ratio of In to Ga and Zn was 1:1:0.5
(In,05:Ga,05:Zn0=1:1:1 (at a molar ratio)).

After the oxide semiconductor layer was formed, heat
treatment was performed at 450° C. for 1 hour in a nitrogen
atmosphere.

(Consideration)

The results of the measurement using thermal desorption
spectroscopy of Sample 14 and Sample 15 are shown in FIG.
14A.

Note thatin FIG. 14A, a graph 1414 corresponds to a graph
of Sample 14 (only the glass substrate), and a graph 1415
corresponds to a graph of Sample 15 (the glass substrate and
the oxide semiconductor layer (the as-deposited sample)).

In FIG. 14A, there are a peak 1401 of moisture at around
50°C., a peak 1402 of moisture at around 100° C., and a peak
1403 of moisture at around 300° C.

As for Sample 14 including only the glass substrate, there
are only the peak 1401 of moisture at around 50° C. and the
peak 1402 of moisture at around 100° C., and there is not the
peak 1403 of moisture at around 300° C.

On the other hand, as for Sample 15 including the oxide
semiconductor layer, there are the peak 1401 of moisture at
around 50° C., the peak 1402 of moisture at around 100° C.,
and the peak 1403 of moisture at around 300° C.

Therefore, the peak 1403 of moisture at around 300° C. is
a peak of moisture which is characteristic of the oxide semi-
conductor layer.

Thus, in the case where the peak 1403 of moisture at around
300° C. is detected, moisture should be contained in the oxide
semiconductor layer.

The results of comparing Samples 16 to 19 are shown in
FIG. 14B.

Note that in FIG. 14B, a graph 1416 corresponds to a graph
of Sample 16 (the as-deposited sample), a graph 1417 corre-
sponds to a graph of Sample 17 (the sample heated at 250°
C.), a graph 1418 corresponds to a graph of Sample 18 (the
sample heated at 350° C.), and a graph 1419 corresponds to a
graph of Sample 19 (the sample heated at 450° C.).

10

15

20

25

30

35

40

45

50

55

60

65

26

As for Sample 17 (250° C.) and Sample 18 (350° C.), the
peak 1403 of moisture at around 300° C. was detected.

The number of the peaks 1403 of moisture at around 300°
C.of Sample 17 (250° C.) and Sample 18 (350° C.) is smaller
than that of Sample 16 (the as-deposited sample).

Thus, it was found that a certain amount of moisture was
reduced through the heat treatment.

As for Sample 19 (450° C.), there is not the peak 1403 of
moisture at around 300° C.

Therefore, it can be said that, in the case where heat treat-
ment is performed at 450° C. for 1 hour or more, moisture is
thoroughly eliminated.

(Sample 20)

As Sample 20, a sample formed in the following manner
was prepared: an oxide semiconductor layer was formed over
a glass substrate by sputtering using an oxide semiconductor
target in which the atom ratio of In to Ga and Zn was 1:1:0.5
(In,05:Ga,05:Zn0=1:1:1 (at a molar ratio)).

Then, Sample 20 was subjected to heat treatment at 650° C.
for 3 minutes in a nitrogen atmosphere with the use of a gas
RTA apparatus.

As for Sample 20 (650° C.), there was not the peak of
moisture at around 300° C.

Thus, it can be said that, in the case where heat treatment is
performed at 650° C. for 3 minutes or more, moisture is
thoroughly eliminated.

Samples formed in the following manner were prepared: an
oxide semiconductor layer was formed over a glass substrate
by sputtering using an oxide semiconductor target in which
the atom ratio of In to Ga and Zn was 1:1:1 (In,0,:Ga,Oj;:
Zn0O=1:1:2 (at a molar ratio)). Experiments similar to the
above (comparison between the as-deposited sample, the
sample heated at 250° C., the sample heated at 350° C., and
the sample heated at 450° C.) were performed. The results
showed that, as for only the sample on which the heat treat-
ment was performed at 450° C. for 1 hour, there was not the
peak of moisture at around 300° C.

Samples formed in the following manner were prepared: an
oxide semiconductor layer was formed over a glass substrate
by sputtering using an oxide semiconductor target in which
the atom ratio of In to Ga and Zn was 1:1:4 (In,05:Ga,0;:
Zn0O=1:1:8 (at a molar ratio)). Experiments similar to the
above (comparison between the as-deposited sample, the
sample heated as 250° C., the sample heated at 350° C., and
the sample heated at 450° C.) were performed. The results
showed that, as for only the sample on which the heat treat-
ment was performed at 450° C. for 1 hour, there was not the
peak of moisture at around 300° C.

Therefore, it can be said that the oxide semiconductor layer
which does not have a peak of moisture at around 300° C. in
thermal desorption spectroscopy (the number of peaks is
2x107'* or less at higher than or equal to 100° C. and lower
than or equal to 400° C. (preferably, higher than or equal to
250° C. and lower than or equal to 300° C.) is an oxide
semiconductor layer on which heat treatment has been per-
formed at 450° C. or higher for 1 hour or more, or at 650° C.
or higher for 3 minutes or more.

The absence of a peak of moisture at around 300° C. in
thermal desorption spectroscopy means the absence of a peak
of moisture at higher than or equal to 100° C. and lower than
or equal to 400° C. in thermal desorption spectroscopy.

The absence of a peak of moisture at around 300° C. in
thermal desorption spectroscopy means the absence of a peak
of moisture due to the oxide semiconductor layer.

When the transistors having the structure of FIG. 2A were
manufactured with only the conditions of first heat treatment
changed, the transistors (250° C. and 350° C.) including an



US 9,196,738 B2

27

oxide semiconductor layer having a peak of moisture at
around 300° C. in thermal desorption spectroscopy had
threshold voltage shifted in a negative direction and had sig-
nificant deterioration in the BT test compared with the tran-
sistor (450° C.) including an oxide semiconductor layer
which did not have a peak of moisture at around 300° C. in
thermal desorption spectroscopy.

Note that as the oxide semiconductor layer, an oxide semi-
conductor layer formed by sputtering using an oxide semi-
conductor target in which the atom ratio of In to Ga and Zn
was 1:1:0.5 (In,05:Ga,05:Zn0=1:1:1 (at a molar ratio)) was
used.

Note that before the formation of the oxide semiconductor
layer, the reduction of leakage from a deposition chamber, the
reduction of nitrogen on the inner wall of the deposition
chamber, deposition onto a dummy substrate, or the like was
sufficiently performed, so that an influence of nitrogen on the
oxide semiconductor layer was thoroughly prevented.

Thus, the electrical characteristics of a transistor were
found to be influenced by moisture in an oxide semiconductor
layer.

Example 6

Degasification (moisture) of the following samples was
measured by thermal desorption spectroscopy (TDS).
(Sample 21)

As Sample 21, a sample formed in the following manner
was prepared: an oxide semiconductor layer was formed over
a glass substrate by sputtering using an oxide semiconductor
target in which the atom ratio of In to Ga and Zn was 1:1:0.5
(In,05:Ga,05:Zn0=1:1:1 (at a molar ratio)), and a silicon
oxide film was formed over the oxide semiconductor layer by
a sputtering method.

For the formation of the silicon oxide film, silicon oxide
was used as a target and the flow rate of gases was set as
follows: Ar/O,=40/10 sccm.

Sample 21 has not been subjected to heat treatment.
(Sample 22)

As Sample 22, a sample formed in the following manner
was prepared: an oxide semiconductor layer was formed over
a glass substrate by sputtering using an oxide semiconductor
target in which the atom ratio of In to Ga and Zn was 1:1:0.5
(In,05:Ga,05:Zn0=1:1:1 (at a molar ratio)), and a silicon
oxide film was formed over the oxide semiconductor layer by
a sputtering method.

For the formation of the silicon oxide film, silicon oxide
was used as a target and the flow rate of gases was set as
follows: Ar/O,=40/10 sccm (oxygen was used as a sputtering
gas).

After that, heat treatment (in a furnace) was performed at
250° C. for 1 hour in a nitrogen atmosphere.

(Sample 23)

As Sample 23, a sample formed in the following manner
was prepared: an oxide semiconductor layer was formed over
a glass substrate by sputtering using an oxide semiconductor
target in which the atom ratio of In to Ga and Zn was 1:1:0.5
(In,05:Ga,05:Zn0=1:1:1 (at a molar ratio)), and a silicon
oxide film was formed over the oxide semiconductor layer by
a sputtering method.

For the formation of the silicon oxide film, silicon oxide
was used as a target and the flow rate of gases was set as
follows: Ar/O,=40/10 sccm (oxygen was used as a sputtering
gas).

After that, heat treatment (in a furnace) was performed at
350° C. for 1 hour in a nitrogen atmosphere.

(Sample 24)
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As Sample 24, a sample formed in the following manner
was prepared: an oxide semiconductor layer was formed over
a glass substrate by sputtering using an oxide semiconductor
target in which the atom ratio of In to Ga and Zn was 1:1:0.5
(In,05:Ga,0,:Zn0=1:1:1 (at a molar ratio)), and a silicon
oxide film was formed over the oxide semiconductor layer by
a sputtering method.

For the formation of the silicon oxide film, silicon oxide
was used as a target and the flow rate of gases was set as
follows: Ar/O,=40/10 sccm (oxygen was used as a sputtering
gas).

After that, heat treatment (in a furnace) was performed at
450° C. for 1 hour in a nitrogen atmosphere.
(Consideration)

When the measurement was performed by thermal desorp-
tion spectroscopy (TDS), all the samples did not have a peak
of moisture at around 300° C.

From the results of Example 5, moisture is not thoroughly
removed by heat treatment at least at 350° C. or lower.

That is, Sample 23 and Sample 24 were supposed to have a
peak of moisture at around 300° C.; however, a peak of
moisture at around 300° C. was not detected.

The reason of this was found to be that the silicon oxide
film formed using oxygen as a sputtering gas (i.e., the silicon
oxide film containing excessive oxygen) blocked emission of
moisture.

Therefore, it was found that the silicon oxide film formed
using oxygen as a sputtering gas (i.e., the silicon oxide film
containing excessive oxygen) prevented diffusion of mois-
ture.

In other words, it was found that the silicon oxide film
containing excessive oxygen had an effect of blocking mois-
ture.

Conversely, in the case where a silicon oxide film contain-
ing excessive oxygen is formed over an oxide semiconductor
layer from which moisture has been released by first heat
treatment, incorporation of moisture from the outside can be
prevented.

Example 7

From the results of Example 5, it was found that moisture
was thoroughly removed by heat treatment at 450° C. for 1
hour or more.

Thus, the hydrogen concentration in a sample which has
been heated at a temperature higher than 450° C. was exam-
ined by secondary ion mass spectrometry (SIMS).

First, a plurality of samples in each of which an oxide
semiconductor layer was formed over a glass substrate by
sputtering using an oxide semiconductor target in which the
atom ratio of In to Ga and Zn was 1:1:0.5 (In,0;:Ga,0;:
Zn0O=1:1:1 (at a molar ratio)) were prepared.

Further, a plurality of samples in each of which an oxide
semiconductor layer was formed over a glass substrate by
sputtering using an oxide semiconductor target in which the
atom ratio of In to Ga and Zn was 1:1:1 (In,05:Ga,0;:
7Zn0=1:1:2 (at a molar ratio)) were prepared.

Note that before the formation of the oxide semiconductor
layer, the reduction of leakage from a deposition chamber, the
reduction of nitrogen on the inner wall of the deposition
chamber, deposition onto a dummy substrate, or the like was
sufficiently performed, so that incorporation of nitrogen into
the oxide semiconductor layer was thoroughly prevented.

The flow rate of a sputtering gas was set as follows:
Ar/0,=30/15 scem (the proportion of O, was 33.3%).
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Then, a plurality of samples which have been subjected to sphere, and an atmosphere containing nitrogen and oxygen
heat treatment at 450° C., 550° C., 600° C., and 650° C., (dry air (i.e., an atmosphere in which the ratio of nitrogen to
respectively, were prepared. Note that the heating time for oxygen is 4:1)), respectively, were prepared.

each sample was 1 hour.
Further, a plurality of samples which have been subjected
to heat treatment in a nitrogen atmosphere, an oxygen atmo-

The results of comparison are shown in Table 1.

TABLE 1

N2 02 Dry Air

450° C. 1 hour [heat treatment]

Sputtering In:Ga:Zn = 2x 10 atoms/em® 2 x 10'% atoms/em® 2 x 10*° atoms/cm?
apparatus A 1:1:0.5 (atomic ratio)
(In203:Ga203:Zn0 =
1:1:1 (molar ratio))
In:Ga:Zn = 3 x 10" atoms/em® 2 x 10'® atoms/em® 2 x 10 atoms/em?
1:1:1 (atomic ratio)
(In203:Ga203:Zn0 =
1:1:2 (molar ratio))
Sputtering In:Ga:Zn = 3 x 10 atoms/em® 2 x 10'% atoms/em® 2 x 10*° atoms/cm?
apparatus B 1:1:0.5 (atomic ratio)
(In203:Ga203:Zn0 =
1:1:1 (molar ratio))
In:Ga:Zn = 4% 10" atoms/em® 2 x 10'° atoms/em® 2 x 10'? atoms/cm?®
1:1:1 (atomic ratio)
(In203:Ga203:Zn0 =
1:1:2 (molar ratio))
550° C. 1 hour [heat treatment]

Sputtering In:Ga:Zn = 3 x 10'® atoms/em® 4 x 10'¥ atoms/cm® 4 x 108 atoms/cm?
apparatus A 1:1:0.5 (atomic ratio)
(In203:Ga203:Zn0 =
1:1:1 (molar ratio))
In:Ga:Zn = 3 x 10" atoms/em® 4 x 10'® atoms/cm® 4 x 10'® atoms/em?
1:1:1 (atomic ratio)
(In203:Ga203:Zn0 =
1:1:2 (molar ratio))
Sputtering In:Ga:Zn = 3 x 10'8 atoms/cm® 4 x 10'® atoms/em® 4 x 10*® atoms/cm?
apparatus B 1:1:0.5 (atomic ratio)
(In203:Ga203:Zn0 =
1:1:1 (molar ratio))
In:Ga:Zn = 3 x 10" atoms/em® 4 x 10'® atoms/cm® 4 x 10'® atoms/em?
1:1:1 (atomic ratio)
(In203:Ga203:Zn0 =
1:1:2 (molar ratio))
600° C. 1 hour [heat treatment]

Sputtering In:Ga:Zn = 6 x 108 atoms/cm® 4 x 10'8 atoms/cm® 4 x 10'® atoms/cm?®
apparatus A 1:1:0.5 (atomic ratio)
(In203:Ga203:Zn0 =
1:1:1 (molar ratio))
In:Ga:Zn = 4x 108 atoms/em® 3 x 10'8 atoms/em® 3 x 10'® atoms/em?
1:1:1 (atomic ratio)
(In203:Ga203:Zn0 =
1:1:2 (molar ratio))
Sputtering In:Ga:Zn = 4x 10'8 atoms/cm® 5 x 108 atoms/em® 4 x 10'® atoms/cm?
apparatus B 1:1:0.5 (atomic ratio)
(In203:Ga203:Zn0 =
1:1:1 (molar ratio))
In:Ga:Zn = 4x 108 atoms/em® 4 x 10'8 atoms/cm® 4 x 10'® atoms/em?
1:1:1 (atomic ratio)
(In203:Ga203:Zn0 =
1:1:2 (molar ratio))
650° C. 1 hour [heat treatment]

Sputtering In:Ga:Zn = 4x 10'8 atoms/cm® 4 x 108 atoms/cm® 4 x 10'® atoms/cm?
apparatus A 1:1:0.5 (atomic ratio)

(In203:Ga203:Zn0 =

1:1:1 (molar ratio))

In:Ga:Zn = 4x 108 atoms/em® 4 x 10'8 atoms/cm® 4 x 10'® atoms/em?

1:1:1 (atomic ratio)

(In203:Ga203:Zn0 =

1:1:2 (molar ratio))
Sputtering In:Ga:Zn = 4x 108 atoms/em® 4 x 10'® atoms/cm® 4 x 10'® atoms/em?
apparatus B 1:1:0.5 (atomic ratio)

(In203:Ga203:Zn0 =

1:1:1 (molar ratio))

In:Ga:Zn = 4x 108 atoms/em® 4 x 10'8 atoms/cm® 4 x 10'® atoms/em?
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N2 02

Dry Air

1:1:1 (atomic ratio)
(In203:Ga203:Zn0 =
1:1:2 (molar ratio))

In Table 1, the values measured by secondary ion mass
spectrometry (SIMS) represent the average values in the
effective range of SIMS.

From Table 1, it was found that, in the case where heat
treatment was performed at 550° C. or higher for 1 hour or
more, the hydrogen concentration in the oxide semiconductor
layer was significantly decreased.

In other words, the oxide semiconductor layer having a
hydrogen concentration of 6x10'® atoms/cm® or less is an
oxide semiconductor layer which has been subjected to heat
treatment at high temperature (at 550° C. or higher for 1 hour
or more).

Note that when the transistors having the structure shown
in FIG. 2A were manufactured with only the conditions of
first heat treatment changed, the transistor (450° C.) including
an oxide semiconductor layer having a hydrogen concentra-
tion of 1x10'° atoms/cm® or more had threshold voltage
shifted in a negative direction and had significant deteriora-
tion in the BT test compared with the transistors (550° C.,
600° C., and 650° C.) each including an oxide semiconductor
layer having a hydrogen concentration of less than 1x10"°
atoms/cm”.

Note that as the oxide semiconductor layer, an oxide semi-
conductor layer formed by sputtering using an oxide semi-
conductor target in which the atom ratio of In to Ga and Zn
was 1:1:0.5 (In,05:Ga,05:Zn0=1:1:1 (at a molar ratio)) was
used.

Note that before the formation of the oxide semiconductor
layer, the reduction of leakage from a deposition chamber, the
reduction of nitrogen on the inner wall of the deposition
chamber, deposition onto a dummy substrate, or the like was
sufficiently performed, so that an influence of nitrogen on the
oxide semiconductor layer was thoroughly prevented.

According to the above, the electrical characteristics of a
transistor were found to be influenced by hydrogen in an
oxide semiconductor layer.

Example 8

FIG. 16 is a photograph of a cross section of a thin film
transistor including an In—Ga—Zn—0-based oxide semi-
conductor which is observed with a transmission electron
microscope (TEM, H-9000-NAR manufactured by Hitachi,
Ltd., 300 kV).

The thin film transistor shown in FIG. 16 is a sample
obtained in such a manner that an In—Ga—Zn—O-based
oxide semiconductor layer having a thickness of 50 nm was
formed as an oxide semiconductor layer 1601, first heat treat-
ment (at 650° C. for 1 hour) was performed in a nitride
atmosphere, a titanium layer 1604 having a thickness of 150
nm was formed as a metal film, and further, second heat
treatment (at 250° C. for 1 hour) was performed in a nitrogen
atmosphere.

In FIG. 16, at the interface between the oxide semiconduc-
tor layer 1601 and the titanium layer 1604, an indium-rich
layer 1602 and a titanium oxide layer 1603 can be detected.

Note that the indium-rich layer 1602 and the titanium oxide
layer 1603 were detected by a fast fourier transform mapping
(FFTM) method.
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It was found that, through the second heat treatment in the
state where the titanium layer 1604 and the oxide semicon-
ductor layer 1601 were in contact with each other, oxygen
was extracted from the oxide semiconductor layer and the
titanium oxide layer 1603 was formed.

Further, it was found that a portion where oxygen was
extracted in the oxide semiconductor layer 1601 became the
indium-rich layer 1602 in which a crystal of indium was
precipitated.

In this manner, through the second heat treatment in the
state where the titanium layer 1604 and the oxide semicon-
ductor layer 1601 are in contact with each other, the titanium
oxide layer 1603 can be formed.

Note that it is clear that a similar reaction occurs even when
an oxide semiconductor layer other than an In—Ga—7Zn—
O-based oxide semiconductor layer is used because a reaction
of this example is a reaction between oxygen and titanium
(Ti).

Therefore, the second heat treatment is preferably per-
formed at 250° C. or higher (the upper limit is not limited, but
can be set to 300° C. or lower, 400° C. or lower, 500° C. or
lower, 600° C. or lower, or 700° C. or lower).

Note that a material having low resistance (a film contain-
ing aluminum as its main component, a film containing cop-
per as its main component, or the like) is preferably formed
over the titanium layer 1604 because the wiring resistance can
be reduced.

This application is based on Japanese Patent Application
serial no. 2009-281505 filed with Japan Patent Office on Dec.
11, 2009, the entire contents of which are hereby incorporated
by reference.

The invention claimed is:

1. A method for manufacturing a semiconductor device
comprising a gate electrode, an oxide semiconductor layer, a
gate insulating layer provided between the gate electrode and
the oxide semiconductor layer, and an insulating layer in
contact with the oxide semiconductor layer, the method com-
prising the steps of:

performing a first heat treatment on the oxide semiconduc-

tor layer having a nitrogen concentration of 1x10%°
atoms/cm® or less at 350° C. or higher for 1 hour or more,
and

performing a second heat treatment on the oxide semicon-

ductor layer so that oxygen in the insulating layer is
supplied to the oxide semiconductor layer.

2. The method for manufacturing a semiconductor device
according to claim 1, wherein the oxide semiconductor layer
comprises indium, gallium, and zinc.

3. The method for manufacturing a semiconductor device
according to claim 1, wherein the first heat treatment is per-
formed under an atmosphere containing nitrogen.

4. The method for manufacturing a semiconductor device
according to claim 1, wherein the second heat treatment is
performed at higher than or equal to 150° C. and lower than or
equal to 500° C.

5. A method for manufacturing a semiconductor device
comprising a gate electrode, an oxide semiconductor layer, a
gate insulating layer provided between the gate electrode and
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the oxide semiconductor layer, and an insulating layer in
contact with the oxide semiconductor layer, the method com-
prising the steps of:

performing a first heat treatment on the oxide semiconduc-

tor layer having a nitrogen concentration of 1x10%°
atoms/cm® or less at 450° C. or higher for 1 hour or more,
and

performing a second heat treatment on the oxide semicon-

ductor layer so that oxygen in the insulating layer is
supplied to the oxide semiconductor layer.

6. The method for manufacturing a semiconductor device
according to claim 5, wherein the oxide semiconductor layer
comprises indium, gallium, and zinc.

7. The method for manufacturing a semiconductor device
according to claim 5, wherein the first heat treatment is per-
formed under an atmosphere containing nitrogen.

8. The method for manufacturing a semiconductor device
according to claim 5, wherein the second heat treatment is
performed at higher than or equal to 150° C. and lower than or
equal to 500° C.

9. A method for manufacturing a semiconductor device
comprising a gate electrode, an oxide semiconductor layer, a
gate insulating layer provided between the gate electrode and
the oxide semiconductor layer, and an insulating layer in
contact with the oxide semiconductor layer, the method com-
prising the steps of:

performing a first heat treatment on the oxide semiconduc-

tor layer having a nitrogen concentration of 1x10%°
atoms/cm® or less at 550° C. or higher for 1 hour or more,
and

performing a second heat treatment on the oxide semicon-

ductor layer so that oxygen in the insulating layer is
supplied to the oxide semiconductor layer.
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10. The method for manufacturing a semiconductor device
according to claim 9, wherein the oxide semiconductor layer
comprises indium, gallium, and zinc.

11. The method for manufacturing a semiconductor device
according to claim 9, wherein the first heat treatment is per-
formed under an atmosphere containing nitrogen.

12. The method for manufacturing a semiconductor device
according to claim 9, wherein the second heat treatment is
performed at higher than or equal to 150° C. and lower than or
equal to 500° C.

13. A method for manufacturing a semiconductor device
comprising a gate electrode, an oxide semiconductor layer, a
gate insulating layer provided between the gate electrode and
the oxide semiconductor layer, and an insulating layer in
contact with the oxide semiconductor layer, the method com-
prising the steps of:

performing a first heat treatment on the oxide semiconduc-

tor layer having a nitrogen concentration of 1x10%°
atoms/cm® or less at 650° C. or higher for 3 minutes or
more, and

performing a second heat treatment on the oxide semicon-

ductor layer so that oxygen in the insulating layer is
supplied to the oxide semiconductor layer.

14. The method for manufacturing a semiconductor device
according to claim 13, wherein the oxide semiconductor layer
comprises indium, gallium, and zinc.

15. The method for manufacturing a semiconductor device
according to claim 13, wherein the first heat treatment is
performed under an atmosphere containing nitrogen.

16. The method for manufacturing a semiconductor device
according to claim 13, wherein the second heat treatment is
performed at higher than or equal to 150° C. and lower than or
equal to 500° C.



